asymmetrically relative to the L-R axis (for reviews, King and Brown, 1997; Varlet and Robertson, 1997; Levin and Mercola, 1998) . Levin et al. (1995) , 1997). These obserSummary vations clearly provide key entry points into the L-R determination pathway. lefty-1, lefty-2, and nodal are expressed on the left However, little is known of the hierarchy of these side of developing mouse embryos and are implicated genes. In chick, the left-sided expression of Shh is inin left-right (L-R) determination. The role of lefty-1 was structed by lateral signals that originate adjacent to the examined by analyzing mutant mice lacking this gene.
A targeting vector was designed to remove all four exons of lefty-1 on homologous recombination ( Figure  1A ). Three targeted embryonic stem (ES) cell lines were obtained, from two of which lefty-1 ϩ/Ϫ heterozygotes were generated ( Figure 1B ). The heterozygotes appeared normal and were fertile. Intercrosses of lefty-1 ϩ/Ϫ heterozygotes were analyzed at various developmental stages. The lefty-1 Ϫ/Ϫ embryos were present at a nearly expected frequency (12/54, or 22.2%) at E10.5 and appeared morphologically normal. The direction of embryonic turning and the looping of the cardiac tube were also normal. After E10.5, the frequency of lefty-1 Ϫ/Ϫ embryos or mice decreased; to 9.3% (7/75) at E13.5, 9.9% (15/152) at birth, and 5.0% (25/498) at weaning. Therefore, about 60% of lefty-1 Ϫ/Ϫ homozygotes appeared to die in utero, mostly between E10.5 and E13.5; the remaining homozygotes were carried to term, but half of them then died before weaning.
Deletion of lefty-1 Results in L-R Positional Defects Including Pulmonary Left Isomerism
We examined the phenotype of lefty-1 Ϫ/Ϫ mice, including 40 newborn animals that were subjected to postmortems, 11 neonates that died before weaning, and 6 adults that survived. A variety of positional defects (heterotaxia) were apparent in visceral organs (Table 1 ). This condition, known as left pulmonary isomerism, was
KpnI and subjected to hybridization with the probe indicated in (A). Arrows indicate the 10 kb (wild type) and 9 kb (mutant) fragments.
the most common phenotype observed in the lefty-1 mutant mice (Table 1 ). The lefty-1 Ϫ/Ϫ mice also showed left isomerism in the bronchi. In wild-type mice and lefty-1 ϩ/Ϫ heterozygotes (Figures 2C and 2E) , the right bron-(a) left isomerism (not the predicted right isomerism) in the thorax, and (b) ectopic expression of lefty-2 and chus is larger in diameter but shorter than the left one, and the pattern of the bronchial tree is asymmetric. The nodal on the right side. Together, these results suggest that lefty-1 is a regulator of lefty-2 and nodal, whereas right bronchus is located dorsal to the pulmonary artery (eparterial), whereas the left bronchus is positioned caulefty-2 or nodal (or both) encodes a signal that determines "leftness." On the basis of these results, we prodal to the pulmonary artery (hyparterial). In lefty-1 Ϫ/Ϫ mice ( Figures 2D and 2F ), however, both the morphology pose a model for the function of lefty-1 and for the regulatory relationship among nodal, lefty-1, and lefty-2.
and branching pattern of the bronchi were bilaterally symmetric, and both bronchi were hyparterial. Such abnormal laterality of the bronchi was always associated Results with left pulmonary isomerism. Positional defects were also apparent in the heart and Targeting of lefty-1 The murine lefty locus is composed of two highly concardiac outflow tracts. Because lung and atrial situs are usually tightly coupled, we examined the atria of the served genes, lefty-1 and lefty-2, that are tightly linked on mouse chromosome 1 (Meno et al., 1997;  Figure 1A) . mutant mice. The left and right atria can be distinguished by morphological criteria such as the shape of the apAlthough both genes are expressed in an L-R asymmetric manner on embryonic day 8.0 (E8.0), their expression pendage (Icardo and Sanchez de Vega, 1991; Seo et al., 1992; Anderson et al., 1996) . Normally, the right atrium patterns differ: lefty-1 is expressed predominantly in the left half of the PFP, whereas lefty-2 is strongly expressed has a broad triangular appendage and a wide junction with the venous components of the atrium. In contrast, on the left side of LPM (Meno et al., 1997) . To examine the role of lefty-1 in L-R asymmetry, we generated muthe junction between the appendage and venous components of the left atrium is narrow and deeply excatant mice deficient in lefty-1 and analyzed their phenotype.
vated. In the lefty-1 Ϫ/Ϫ mice, the shape of the right atrium 
Heart malformation a,c 1/4 2/2 3/3 ND ND 1/1 1/1 1/1 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND (TGA, DORV, VSD, ASD, etc.) Aorta arching to the right
Inferior vena cava on the left side
Aorta lying ventral to the vena cava mice (40 newborns, 11 neonates that died within a few days after birth, and 6 adults that survived) were classified into various groups (group A-Z1) on the basis of their combination of macroscopically detected anomalies. Because heart sections revealed DORV and VSD in one of the group A newborn mice, group A animals are not necessarily normal.
X, phenotype observed; -, phenotype not observed; ND, not determined.
a Phenotype commonly seen in iv/iv mutants (Hummel and Chapman, 1959; Icardo and Sanchez de Vega, 1991; Seo et al., 1992 ; our observations).
b
Relative positions of the aorta and pulmonary artery judged by macroscopic views.
c Heart malformation (including TGA, DORV, CAVC, TAt, VSD, and ASD) were confirmed by sectioning.
pulmonary artery and aorta connect to the right ventricle ( Figures 3R and 3S ). Abnormal atrioventricular connections, such as common atrioventricular canal (CAVC) and tricuspid atresia (TAt), were also observed. These defects were always associated with additional malformations such as ventricular septal defect (VSD; Figure  3S ) and atrial septal defect (ASD; Figure 3Q ). Reversed arching of the aorta was detected in one animal ( Figure  3L ). It is likely that such combined defects of the heart and cardiac outflow tracts were responsible for the neonatal lethality.
Another phenotype frequently observed in the lefty-1 Ϫ/Ϫ mice was malpositioning of venous vessels. In wildtype and lefty-1 ϩ/Ϫ ( Figures 3B and 3C ) mice, the azygos vein is located on the left side. In the lefty-1 Ϫ/Ϫ mice, however, the azygos vein was often reversed to the right ( Figures 3G and 3H ), or bilateral azygos veins were present on both sides (data not shown). Furthermore, the azygos vein retained the connection to the inferior vena cava (IVC), transforming the former into a major circulatory vessel; the abdominal portion of the IVC connects to the azygos vein without entering the liver, whereas the thoracic portion of the IVC connects to the hepatic vein ( Figures 3J and 3M) . The IVC showed similar positional defects. In several lefty-1 Ϫ/Ϫ mice, the IVC was reversed to the left side, or an IVC was present one mutant mouse (group Z1, Table 1 ) showed situs and the bronchus. Bronchi are indicated by blue lines. In the inversus in the abdomen; all the organs in the abdolefty-1 ϩ/Ϫ mice, the left bronchus is located caudal to the left pulmonary artery (C), whereas the right bronchus is positioned dorsal to men were completely reversed ( Figure 3K ). Thus, overall, the pulmonary artery (E). Furthermore, the branching pattern of the the most common feature of the lefty-1 Ϫ/Ϫ mice was bronchi is asymmetric (C and E). In the lefty-1 Ϫ/Ϫ mice, the branching thoracic left isomerism associated with malpositioning pattern of the bronchi is symmetric and each bronchus is located of the cardiac outflow tracts, the IVC, and the azygos caudal to the pulmonary artery on the left and right sides (D and F).
vein (Table 1) .
la, left atrium; pa, pulmonary arteries; pv, pulmonary vein; ra, right
The vascular system is initially formed symmetrically.
atrium.
However, in some regions, one side undergoes regression while the other side persists, resulting in the generawas abnormal and resembled that of the left atrium (Fig- tion of L-R asymmetry. For the aortic arch and azygos ure 2F; data not shown), suggestive of bilateral left atrial vein, it is the left half that remains. In contrast, the abappendages.
dominal and thoracic portions of the IVC are derived The position of the apex of the heart was normal (levofrom the right half of the cardinal veins and vitelline cardia) in lefty-1 Ϫ/Ϫ mice with the exception of one anivein, respectively. Therefore, the abnormal patterning mal (group H, Table 1 ). The relative positions of the of the IVC, azygos vein, and aortic arch apparent in the pulmonary artery and aorta were frequently abnormal.
lefty-1 Ϫ/Ϫ mice can be accounted for by the persistence The pulmonary artery is normally positioned left-ventral of primordial vascular systems on the wrong side. to the aorta ( Figure 3A ). In the lefty-1 Ϫ/Ϫ mice, however, We (Meno et al., , 1997 have previously shown it was located dorsal to the aorta ( Figure 3F ), or the two that the expression of lefty-1 is affected (either reversed great arteries were positioned side by side. Hearts from or bilateral) in iv/iv mutant mice, indicating that lefty-1 12 mutant mice (groups A, B, C, F, G, and H; Table acts downstream of the iv gene. The observation that 1) were sectioned for further analysis ( Figures 3N-3S) .
most of the anomalies apparent in lefty-1 Ϫ/Ϫ mice are Although a normal D-loop pattern was retained in each shared with iv/iv mutants (Table 1) suggests that lefty-1 animal, all the hearts with the exception of three from acts directly within a L-R determining pathway that ingroup A showed anomalies. The most frequent anomaly cludes iv. was abnormal ventriculoarterial alignment, such as transposition of the great arteries (TGA) in which the
The Lack of lefty-1 Results in Bilateral pulmonary artery connects to the left ventricle and the Expression of lefty-2 and nodal aorta connects to the right ventricle ( Figure 3P ) and It appeared paradoxical that deficiency of lefty-1, a gene expressed in the left half of the PFP, caused thoracic double-outlet right ventricle (DORV) in which both the Table 1 ). Note that the stomach (st) and spleen (sp) are located on the right. (L) Reversed arching of the aorta (indicated by yellow arrow) detected in one of the mutants (group X, Table 1); other blood vessels, such as the pulmonary artery, showed abnormal connection and branching. (M) Inversion of the azygos vein and its connection to the IVC in the mutant mice. The aorta is shown in red, the vena cava in light blue, the azygos vein in dark blue, the kidney in pink, and the liver in yellow. The arrows indicate the direction of blood circulation. (N-S) The hearts of lefty-1 Ϫ/Ϫ newborn mice were serially sectioned. (N and O) Sections from a group A mutant (Table 1) showing no obvious anomalies. (P and Q) Sections from a group C mutant showing TGA (transposition of the great arteries), ASD (atrial septal defect), and TAt (tricuspid atresia). (R and S) Sections from a group F mutant showing DORV. la, left atrium; lv, left ventricle; pa, pulmonary artery; ra, right atrium; rv, right ventricle.
left isomerism rather than the predicted right isomerism.
the four-to five-somite-pair stage) weaker than that in left LPM ( Figure 4D ), but the expression levels equalized To gain insight into the molecular basis of the positional defects, we examined expression of lefty-1, lefty-2, and at a later stage (six-somite-pair stage; Figure 4E ). The frequency of embryos with bilateral lefty-2 expression nodal. The lefty-1 Ϫ/Ϫ embryos recovered at E8.0 appeared morphologically normal. As expected, lefty-1 increased with developmental stage ( Figure 4M ). At the three-somite-pair stage, no embryos showed bilateral mRNA was detected in the lefty-1 ϩ/Ϫ embryos ( Figure  4A ) but not in the lefty-1 Ϫ/Ϫ embryos ( Figure 4B ). Expresexpression. However, at the four-to five-somite-pair stage, about half (9/16) of the mutant embryos showed sion of sonic hedgehog (Shh) and HNF3␤, two genes that are thought to act upstream of lefty-1, was normal bilateral expression in the PFP and LPM, and at the sixsomite-pair stage all (3/3) embryos expressing lefty-2 in lefty-1 Ϫ/Ϫ embryos (data not shown). However, expression of lefty-2 and nodal was affected in the mutant showed bilateral expression ( Figure 4M ). The lack of lefty-1 also affected nodal expression. In embryos. In wild-type and lefty-1 ϩ/Ϫ embryos, lefty-2 is markedly expressed on the left side of LPM and is also lefty-1 ϩ/ϩ and lefty-1 ϩ/Ϫ embryos, nodal expression was confined to left LPM ( Figures 4G and 4M) . The left-sided expressed to a much lesser extent on the left side of the PFP (Figures 4C and 4K ; Meno et al., 1997) . In leftyexpression of nodal occurs between the stages of two and five somite pairs. However, in lefty-1 Ϫ/Ϫ embryos, 1 Ϫ/Ϫ embryos, however, lefty-2 expression in the PFP was not only up-regulated but also bilateral (Figures 4D nodal expression in LPM was apparent on the left side ( Figure 4H ), right side ( Figure 4I ), or both sides (Figure  and 4L ). Furthermore, ectopic lefty-2 expression was apparent on the right side of LPM ( Figures 4D, 4E , and 4J), depending on developmental stage ( Figure 4M ). At a relatively early stage (two to three somite pairs), most 4L). This ectopic expression of lefty-2 on the right side was always confined to the anterior region of LPM. The (8/9) of the homozygous mutant embryos expressing nodal showed left-sided expression ( Figure 4M ). At a level of lefty-2 expression in right LPM was initially (at later stage (five somite pairs), however, most (5/6) showed in left LPM from the three somite pairs (E8.0) to the 10-somite-pair stage (E8.5). This expression pattern is bilateral or right-sided expression. It appears that, in most (if not all) of mutant embryos, ectopic expression indistinguishable from that of lefty-2 and nodal, with the exception that the asymmetric expression of Pitx2 of nodal in right LPM is preceded by its normal expression in left LPM (similarly, the ectopic expression of persists longer than that of lefty-2 and nodal (Yoshioka et al., 1998) . Therefore, Pitx2 may be a downstream lefty-2 in right LPM begins later than its expression in left LPM; Figure 4M ). target gene of lefty-2 or nodal. At E9.5, Pitx2 is expressed in the left half of various LPM-derived tissues such as the sinus venosus, common atrial chamber, cardinal Bilateral Expression of Pitx2 in the Primordia of the Organs Affected in the lefty-1 vein, vitelline vein, septum transversum, and foregut including the region of the future lung bud.
Mutant Mice
The gene Pitx2 (also known as Rieg, otlx2, and Brx1)
We therefore examined Pitx2 expression in the lefty-1 mutant embryos. The lefty-1 ϩ/Ϫ embryos showed the encodes a transcription factor with a bicoid-type homeodomain, and its human homolog is the causative normal left-sided expression of Pitx2 at E8.25 and E9.5. Expression of Pitx2 was apparent in LPM, the sinus gene for Rieger syndrome, an autosomal dominant genetic disease in human (Mucchielli et al., 1996 ; Semina venosus, and vitelline vein on the left side at E8.25 (Figure 5A) , and in the common atrial chamber, common et al., 1996; Gage and Camper, 1997; Kitamura et al., 1997) . We and others have recently shown (Logan et al., cardinal vein, vitelline vein, truncus arteriosus, septum transversum and lung bud on the left side at E9.5 ( Fig-1998 ; Yoshioka et al., 1998 [both in this issue of Cell]) that Pitx2 is also expressed in an L-R asymmetric fashion in ures 5C and 5D). In lefty-1 Ϫ/Ϫ embryos, however, Pitx2 was bilaterally expressed in LPM and the sinus venosus mice and chick embryos. In mouse, Pitx2 is expressed Figure 1A ), it is unlikely that the deletion of lefty-1 exons/introns affected lefty-2 4F). Bilateral Pitx2 expression in the lefty-1 Ϫ/Ϫ embryos was still evident at E9.5. In all (7/7) of the lefty-1 Ϫ/Ϫ expression in cis. Thus, the ectopic expression of lefty-2 in right LPM was never detected in the large number (n Ͼ embryos examined at E9.5, Pitx2 transcripts were detected on both sides of the common atrial chamber, 20) of lefty-1 ϩ/Ϫ embryos ( Figure 4C ; data not shown). Similarly, the bilateral and up-regulated expression of vitelline vein, common cardinal vein, truncus arteriosus, septum transversum, and lung bud (Figures 5F and 5G; lefty-2 in the PFP detected in lefty-1 Ϫ/Ϫ embryos ( Figures  4D and 4L ) was never observed in lefty-1 ϩ/Ϫ embryos data not shown). Expression of Pitx2 was not affected, however, in the region posterior to the septum transver-( Figures 4C and 4K) . Furthermore, analysis of the transcriptional regulatory regions of lefty-1 and lefty-2 has sum; it remained left-sided in the posterior region of the gut dorsal mesentery (Figures 5G and 5H) .
indicated that both genes are regulated by independent cis elements located in the upstream region of each As described above, lefty-1 mutant mice showed positional or patterning defects in the lung, atrium, cardiac gene (Saijoh et al., unpublished data) . And finally, we have examined the expression of a lefty-2-lacZ transgene in outflow tracts, and thoracic portion of the IVC (Figures 2  and 3 ; Table 1 ). Here, we have shown that the embryonic the lefty-1 mutant embryos ( Figure 6 ). The transgene contained the 7 kb upstream region of lefty-2 that can tissues corresponding to these organs exhibited bilateral Pitx2 expression ( Figure 5) ; the lung bud for the recapitulate lefty-2 expression ( Figure 1A ; Saijoh et al., unpublished data). Because lefty-2 is located 5Ј to lung, the common atrial chamber for the atrium, the truncus arteriosus for the cardiac outflow tracts, and lefty-1 ( Figure 1A ), this 7 kb upstream region of lefty-2 is not deleted by the targeting of lefty-1. We mated the vitelline vein for the hepatocardiac portion of the IVC. Thus, the aberrant Pitx2 expression may be responlefty-1 ϩ/Ϫ heterozygous mice containing the lefty-2-lacZ transgene with lefty-1 ϩ/Ϫ mice. Embryos were recovered sible for the positional defects in the lefty-1 Ϫ/Ϫ mice. (E and F) ; the posterior region of right LPM, indicated by the asterisk in (F), is negative for X-Gal staining. In the remaining one-third of lefty-1 Ϫ/Ϫ embryos (G and H), X-Gal staining in the PFP was up-regulated and bilateral, but X-Gal staining in LPM was left-sided. Anteroposterior (A-P) and leftright (L-R) axes are indicated.
at E8.0 to E8.25, and lacZ expression was examined the expression of lefty-2 and nodal to the left side. It is by staining with X-Gal (5-bromo-4-chloro-3-indoyl-␤-thus likely that lefty-1 does not encode a signal for left-D-galactoside). In the lefty-1 ϩ/Ϫ embryos, the lacZ transness but is rather a regulator of lefty-2 and nodal. The gene was expressed in LPM and PFP on the left side paradoxical left pulmonary isomerism and the ectopic (Figures 6A to 6C ). In the lefty-1 Ϫ/Ϫ embryos, however, expression of lefty-2 and nodal apparent in the lefty-1 the same transgene was expressed bilaterally in both mutants suggest that lefty-2 or nodal (or both) may be LPM and the PFP (Figures 6D to 6F ). The expression of determinants of leftness. This notion is supported by lacZ in the PFP was also up-regulated. The X-Gal stainseveral observations made by us and others. First, ing in right LPM was always confined to the anterior anomalies of the lefty-1 Ϫ/Ϫ mutants were apparent more portion ( Figures 6E and 6F ). This pattern of lacZ expresoften in the thorax than in the abdomen, consistent with sion was indistinguishable from that of lefty-2 deterthe observation that the ectopic lefty-2 expression in mined by in situ hybridization ( Figures 4E, 4F , and 4L).
right LPM was restricted to the anterior region. In particOn the basis of these results, we concluded that the ular, the correlation between left isomerism in the thorax aberrant lefty-2 expression observed in the lefty-1 Ϫ/Ϫ and bilateral lefty-2 expression in the anterior LPM is embryos is due to the lack of Lefty-1 protein.
compatible with lefty-2 being a determinant of leftness. When lefty-2 expression in the lefty-1 Ϫ/Ϫ embryos was Second, ectopic expression of nodal and Xnr-1 is able examined by in situ hybridization ( Figures 4D-4F and to affect (reverse or randomize) heart situs in chick (Levin 4M) , it was difficult to determine the precise proportion et al., 1997) and Xenopus (Sampath et al., 1997) , respecof the mutant embryos that exhibited bilateral lefty-2 tively. Thus, the bilateral expression of nodal observed expression. When lefty-2-lacZ lefty-1 Ϫ/Ϫ embryos were in the lefty-1 Ϫ/Ϫ mutant mice may have also contributed examined at the five-to eight-somite-pair stage, howto the abdominal positional defects and thoracic left ever, lacZ expression in the PFP was up-regulated and isomerism. And third, comparison of the phenotype of bilateral in all embryos (6/6). X-Gal staining in LPM was lefty-1 Ϫ/Ϫ mice with that of mice lacking the activin rebilateral in two-thirds (4/6) of the embryos examined (as ceptor type IIB (Act-RIIB) mutant mice (Oh and Li, 1997), shown in Figures 6D-6F) , while it was left-sided in the which may mediate the effects of Lefty and/or Nodal, remaining (2/6) embryos ( Figures 6G and 6H) . Therefore, reveals that, despite some overlap in the effects on the expression of lefty-2 appears to be affected in all cardiac outflow tracts, the two mutants differ markedly. lefty-1 Ϫ/Ϫ embryos, although the expression in LPM is The most striking difference is the thoracic right isonot always bilateral.
merism of the receptor mutant and left isomerism of lefty-1 Ϫ/Ϫ mice. This difference is consistent with the Discussion notion that the receptor mediates the effects of Lefty-2 and/or Nodal but not those of Lefty-1, and it is also lefty-1 Regulates lefty-2 and nodal, One or Both compatible with Lefty-2 and/or Nodal being the deterof which May Encode Signals for Leftness minant of leftness. The roles of lefty-2 and nodal as The bilateral expression of nodal and lefty-2 observed in the lefty-1 Ϫ/Ϫ embryos suggests that lefty-1 restricts determinants of leftness should be further tested by generating transgenic mice in which each gene alone is bilaterally expressed. Our data suggest that there are functional differences between lefty-1 and lefty-2. However, Lefty-1 and Lefty-2 proteins showed identical activities when assayed in Xenopus animal caps (Meno et al., 1997) and in chick embryos (Yoshioka et al., 1998) . Thus, Lefty proteins, although they possess the same intrinsic activities, may act differently depending on developmental stages and expression domains. If this is the case, functional differences between lefty-1 and lefty-2 would be due to their distinct expression sites (lefty-1 in the PFP; lefty-2 in LPM).
lefty-1 is asymmetrically expressed in the PFP of the spinal column (Meno et al., 1997) . This remarkable expression pattern previously suggested that lefty-1 might be involved in generating structural or functional asymmetries in the central nervous system. However, no gross anomalies were detected in the central nervous Lefty-1 protein produced in the PFP would serve as (or Regulatory Relations Among lefty-1, lefty-2, induce) a midline barrier that prevents diffusion of factor nodal, and Pitx2 X and antagonizes its activity (for example, by directly We have uncovered an apparently novel regulatory relainteracting with it or by blocking receptor access of tion among TGF␤ family members. However, it remains factor X). Thus, in wild-type mice, signals from iv and unclear how lefty-1 regulates lefty-2 and nodal. At a inv would induce the left-sided expression of lefty-1, relatively early developmental stage (two to three somite lefty-2, and nodal in the PFP and LPM (expression of pairs), the expression of lefty-2 and nodal was confined lefty-1 in the PFP begins slightly earlier than that of to the left side of lefty-1 Ϫ/Ϫ embryos. Therefore, the initial lefty-2 in LPM). Lefty-1 protein would prevent diffusion left-sided expression of lefty-2 and nodal, which is conof factor X to the right side, which would restrict lefty-2 trolled by signals downstream from iv and inv (Collignon and nodal expression to the left side. In lefty-1 Lowe et al., 1996; Meno et al., 1996) , appears the initial expression of lefty-2 and nodal takes place to be independent of lefty-1. The mechanism by which normally on the left side. However, in the absence of lefty-2 and nodal expression is subsequently induced Lefty-1, factor X produced in the left LPM would diffuse on the right side of the mutants remains to be deterto the PFP and to right LPM, where it would activate mined, but it must account for the fact that their ectopic lefty-2 and nodal. Considering the genetic pathway proexpression is induced on the right side where lefty-1 is posed by Levin et al. (1995) for the chick, Shh may be normally not expressed. It is unlikely that cells migrate a candidate for gene X. However, the expression of Shh from the left side to the right side during the short period itself is not asymmetric in mice (Collignon et al., 1996 ; between the onset of normal lefty-1 expression (the twoour observation). Furthermore, Shh-mediated induction to three-somite-pair stage) and the ectopic expression of nodal requires an additional signal produced in the of lefty-2 and nodal (the four-to six-somite-pair stage). cells adjacent to the midline (Pagan-Westphal and Therefore, Lefty-1 itself or a product of some other gene Tabin, 1998) . Thus, gene X would not be Shh. Alternaregulated by Lefty-1 likely diffuses over the long distively, gene X may be lefty-2 or nodal itself, or an untance from the left side to the right side.
known gene. Here, we propose a model (a "midline barrier model")
This model is compatible with the observations defor the function of lefty-1 and the regulatory relations scribed in the present study and in previous studies among nodal, lefty-1, and lefty-2 (Figure 7 ). In this model, (Meno et al., , 1997 , although alternative models the three TGF␤-related genes are activated on the left are equally possible. In particular, our model would exside by signals downstream from iv and inv. The activaplain the delay in the ectopic expression of lefty-2 and tion of lefty-2 and nodal, but not that of lefty-1, would nodal on the right side. The presence of a midline barrier be mediated by a hypothetical gene (X) that encodes a has been previously suggested by others. First, in conlong-range signaling molecule (in fact, recent analysis joined twins, one of the twins often shows laterality of the transcriptional regulatory regions of lefty-1, defects such as reversal in heart situs. On the basis of lefty-2, and nodal has indicated that lefty-2 and nodal aberrant expression of nodal seen in conjoined twin are controlled by similar cis regulatory elements and in chick embryos, Levin et al. (1996) as a midline barrier in nonmammalian species as well.
In situ hybridization followed standard protocols (Wilkinson, 1992) .
And thirdly, the mouse mutation no turning (nt) results
Probes specific to lefty-1 and lefty-2 were derived from the in the defects in midline structures and causes laterality 3Ј-untranslated region of the corresponding gene and do not crossdefects (Melloy et al., 1998) . The nt mutant embryos hybridize (Meno et al., 1997) . After in situ hybridization, some emlack lefty-1 expression in the PFP and display bilateral bryos were embedded into paraffin and sectioned at 8 mm.
expression of nodal and lefty-2 in LPM (Melloy et al., 1998) . Bilateral expression of nodal and lefty-2 in nt Transgenic Mice with a lefty-2-lacZ Gene Transgenic mice with a lefty-2-lacZ transgene will be described mutants may be due to the loss of lefty-1 expression in elsewhere (Saijoh et al., unpublished data) . Briefly, a lefty-2-lacZ the PFP.
transgene (lacZ linked to the 7 kb upstream region of lefty-2) was Aberrant expression of Pitx2 was observed in embryinjected into the pronuclei of (C57BL/6 ϫ C3H) F1 mouse eggs using onic tissues destined to form visceral organs affected in lated by a common mechanism. The relations between Pitx2 and lefty-2 should be clarified by analyzing the
